Aims/hypothesis. The aim of this study was to examine the effect of birth weight on glucose tolerance in juvenile and adult pigs. Methods. Low (<1.47 kg) and high (>1.53 kg) birth weight piglets from 15 litters were studied at 3 (n=47) and 12 (n=17) months of age. At each age, selected pigs were tranquilised and catheters were inserted into the dorsal aorta and caudal vena cava under general anaesthesia. After recovery, glucose (0.5 g/kg; i.v.) was administered and regular arterial blood samples were taken for 2 h for plasma glucose and insulin measurements. Hepatic gluconeogenic enzyme activities were measured at post mortem. Results. At 12, but not at 3 months of age, the area under the glucose and insulin curves after glucose administration were greater (p<0.05) in low rather than in high birth weight pigs. The glucose area at 12 months was negatively correlated with body weight and BMI at birth. Disproportionate shape at birth was associated with reduced hepatic gluconeogenic enzyme concentrations and low birth weight pigs had reduced basal glucose concentrations at 12 months of age. Conclusion/interpretation. This study has shown an association between low birth weight and thinness at birth and glucose intolerance at 12 months of postnatal age, but not at 3 months. This effect was not due to insulin deficiency or increased hepatic gluconeogenic enzyme activity. [Diabetologia (2002[Diabetologia ( ) 45:1247[Diabetologia ( -1254 
tions of different ages, sex and ethnic origin [3] . Anthropomorphic measurements have shown that disproportionate foetal growth leading to a low ponderal index (weight/length 3 ), or reduced head circumference to body length ratio at birth, particularly predisposes the individual to poor glucose tolerance in later life [2] . These observations have led to the hypothesis that impaired glucose tolerance might originate in foetal life as the result of intrauterine tissue programming by environmental influences acting at critical stages of early development [4] .
Prenatal nutritional programming of adult glucose intolerance has also been reported in several experimental animals including rodents, guinea pigs and sheep [5, 6] . Detailed investigation of physiological mechanisms mediating the association between poor glucose tolerance in postnatal life and low BW has proved difficult in species such as rats and guinea pigs because the small size of the neonates limits physioEpidemiological studies have shown that low birth weight (BW) is associated with an increased risk of metabolic diseases such as glucose intolerance, insulin resistance and Type II (non-insulin-dependent) diabetes mellitus in adult life [1, 2] . These associations have now been described in several human populalogical investigation during early postnatal life. The sheep is larger but the nature of ruminant digestion means it is difficult to regulate nutrient intake postnatally. In contrast, piglets are large enough to study from birth and nutrient availability can be regulated precisely after weaning. In addition, BW varies two to threefold amongst littermates in normally fed sows which provides a naturally occurring form of growth retardation with less genetic variation than seen in humans and other monotocous species. Hence, the aims of this study were to determine the long-term consequences of natural variations in BW in pigs on: i) basal glucose concentrations and glucose tolerance following an intravenous glucose challenge; ii) basal and glucose-stimulated insulin concentrations; and iii) hepatic gluconeogenic enzyme activity. Pigs were studied as juveniles (3 months) and as adults (12 months of postnatal age). A preliminary account of some of these observations has been published previously [7] .
Materials and methods
Animals. Pure-bred pigs were obtained from sows (Large White Breed) which were allowed to farrow normally at term (115±2 days). Fifteen litters from nine sows were used in this study. Sows were fed a standard diet (15% protein; 12.6 MJ/kg digestible energy; ABN, Peterborough, UK) at least 4 weeks prior to conception (2 kg/day) and during gestation and lactation (2.5 to 3 kg/day) according to standard guidelines [8] . Water was provided ad libitum. Piglets were provided with straw bedding and infrared heat lamps from birth until weaning at 4 to 5 weeks of age. Weaner piglets were housed in groups and fed ad libitum on a standard pig creep diet (20% protein; H & C Beart, Kings Lynn, UK) until the first studies at 3 months of age. Pigs were then housed individually adjacent to their siblings and fed according to their size (0.5 kg per 30 kg body weight, twice daily; [8] ). After all the 3-month-old studies, they were returned to group housing (ad libitum feeding of 20% protein pig creep) until at age 4 to 5 months (prior to puberty) they were again housed individually and fed on the adult 15% protein diet for the remainder of the study.
At birth, all piglets in each litter were weighed and head length (snout to between the ears), crown rump length and abdominal circumference (AC) measurements were made. The average BW of all piglets for this study was 1.50±0.02 kg (n=170; 15 litters) and the 95% CI of the mean was 1.47 to 1.53 kg. After BW was measured, pigs were assigned to one of two groups, those with BW lower than 95% CI of the mean BW were defined as 'low BW' pigs (<1.47 kg at birth) and those higher than 95% CI of the mean BW were defined as 'high BW' pigs (>1.53 kg at birth). The range of birth weights in the low BW group was 0.80-1.40 kg (n=22) and in the high BW group was 1.65-2.40 kg (n=25). Approximately similar numbers of each sex were selected (low BW females, n=15; low BW males, n=7; high BW females, n=13; high BW males, n=12). Selected pigs were weighed and measured again at 1, 3 and 12 months of age. It was not possible to obtain all data from all animals.
At 9 to 10 weeks of age, before the morning feed, selected pigs were tranquilised with azaperone (Janssen Pharmaceuticals, Oxford, UK; 5 mg/kg i.m. for pigs >20 kg) or diazepam (Phoenix Pharmaceuticals, Gloucester, UK; 2 mg/kg i.m. for pigs <20 kg), each in combination with ketamine (Fort Dodge Animal Health, Southampton, UK; 10 mg/kg i.m.) and then anaesthetised with halothane (3-6% in O 2 ). Catheters were inserted into the dorsal aorta and vena cava via the femoral vessels and exteriorised via a small incision on the animal's back. Pigs were kept in protective coats made of elastic tubing (Tubigrip, Seton Healthcare Group, Oldham, UK) to protect the catheters. Antibiotic treatment was administered on the day of surgery (Depocillin; procaine benzylpenicillin, 15 mg/kg; Depocillin Mycofarm, Cambridge, UK and Duphatrim; trimethoprim, 2.5 mg/kg with sulfadiazine, 12.5 mg/kg; Fort Dodge Animal Health; i.m.), for 3 days following surgery and every 2 to 3 days thereafter (Duphatrim alone, i.v.). The normal feeding regime was restored immediately after recovery from surgery.
Seventeen pigs had their catheters and protective coats removed at the completion of the experiments at 3 months of age and were studied again at 10 to 12 months of age (low BW females, n=5; low BW males, n=4; high BW females, n=4; high BW males, n=4). Femoral artery and vein catheters were inserted in the previously unoperated leg under general anaesthesia (sodium pentobarbitone, Rhône Mérieux, Harlow, UK; 20 mg/kg i.v.) following tranquilisation with azaperone (5 mg/kg i.m.).
All procedures were carried out in accordance with the regulations of the UK Home Office Animals (Scientific Procedures) Act, 1986.
Experimental Protocol. Two days after surgery, a glucose tolerance test (GTT) was carried out after an overnight fast. Glucose (0.5 g/kg body weight) was administered as a bolus intravenous dose at time 0 and arterial blood samples (2 ml into chilled EDTA tubes) were collected for analysis of plasma glucose and insulin concentrations at 30, 15 min and immediately (0 min) before and 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after glucose administration. All blood samples were centrifuged immediately for 5 min at 4°C and, after measurements of plasma glucose concentrations, plasma was stored at -20°C. For each GTT experiment, the areas (AUC) under the glucose and insulin response curves (integrated plasma concentrations after glucose administration (from 5-120 min) above the mean pre-GTT concentrations (from -30-0 min) were calculated. To calculate the glucose half-life (t 1 / 2 ) an exponential decay curve was fitted to the glucose concentrations during the GTT (5-120 min) and the t 1 / 2 was given by 0.69×b - Tissue collection. At the end of the experimental period at 3 months of age, samples of liver were collected from pigs not required for adult studies (low BW, n=15; high BW, n=10) after being killed by the administration of a lethal dose of sodium pentobarbitone. Liver samples were frozen immediately in liquid nitrogen and stored at -80°C for analysis of tissue gluconeogenic enzyme activity. Tissues were also collected from adult pigs at the end of the 12-month-old experimental period (low BW, n=10; high BW, n=5).
Biochemical analyses. Plasma glucose concentrations were measured using an automated analyser (Yellow Springs 2300 Stat Plus Glucose Lactate analyser; YSI, Farnborough, UK) and plasma insulin concentrations by a commercially available radioimmunoassay kit (INSIK-5; Diasorin, Wokingham, UK). The inter-assay and intra-assay coefficients of variation for the insulin assay were 10% and 8%, respectively. Basal glucose and insulin concentrations for each animal were each given by the means of two to three fasted samples taken on separate days.
Liver samples were assayed for glucose-6-phosphatase (G6Pase; EC 3.1.3.9) and phosphoenolpyruvate carboxykinase (PEPCK; EC 4.1.1.32) using established methods [9] . G6Pase and PEPCK activities were measured in whole liver homogenates, in duplicate, and enzyme activity was expressed in terms of units per g of protein as measured by the Lowry method [10] .
Statistics. All results are expressed as means±SEM. The associations between two factors were tested using linear regression analysis. The effects of group, time and age were tested using multifactorial analyses of variance (ANOVA). Where appropriate, Tukey posthoc tests were applied to identify statistically significant differences between means. Statistical analyses were carried out using Sigma Stat Statistical Software version 2.0. Unpaired Student's t tests were used to identify differences between two factors. For all statistical tests, significance was accepted at a p value of less than 0.05.
Results
Postnatal growth. There were differences between low and high BW pigs in body weight, body mass index (BMI; weight/length 2 ), head-length to currentweight (CW) and head-length to AC at birth and at 3 months, but not at 12 months of age (Table 1) . BW was positively associated with CW at 3 months (r=0.48, n=47) but not 12 months of age. The headlength to body-weight and head-length to AC ratios at birth were also positively related between birth and 3 months (r=0.45, n=47 and r=0.50, n=47, respectively), but not between birth and 12 months of age. Absolute postnatal growth rates (GR; kg gained/day) in low BW pigs from birth to 1 month and birth to 3 months of age were reduced compared with high BW pigs ( Table 1 ). The relative increase in body weight (fractional GR; kg gained·day -1 ·starting kg -1 ) in low BW pigs was greater than in high BW pigs during suckling (birth to 1 month) and between 3 and 12 months of age, but not in the immediate post-weaning period (1 to 3 months; Table 1 ).
Basal insulin and glucose concentrations. At 3 months of age, there were no differences between low and high BW pigs in basal glucose, insulin or the ratio of basal insulin to basal glucose concentrations (Fig. 1A-C) . Basal glucose concentrations were positively correlated to CW, GR (birth to 3 months) and fractional GR (1 to 3 months) and negatively correlated to current disproportionate body shape (head length:CW ratio; Table 2 ). Basal insulin concentrations at 3 months of age were negatively associated with current thinness (head length:AC ratio; Table 2 ). At 12 months of age, basal glucose and insulin concentrations in low BW pigs were reduced and the ratio of basal insulin to basal glucose concentrations tended (p=0.06) to be lower when compared to high BW pigs (Fig. 1A-C) . Basal insulin concentrations and the basal-insulin to glucose ratio were positively associated with BW (Table 2) . Basal glucose concentrations in 12-month-old pigs (low and high BW groups) were reduced compared to those at 3 months of age (Fig. 1A) .
Glucose tolerance tests: glucose concentrations. At 3 months of age, the ∆ peak (peak-mean basal) glucose concentrations achieved following glucose administration in low BW (9.44±0.33 mmol/l) and high BW (9.59±0.54 mmol/l) pigs were not different, nor were there any differences in glucose concentrations during the GTT overall ( Fig. 2A) . The area under the glucose curve (AUC) and the half-life (t 1 / 2 ) of plasma glucose during the GTT were not different between low and high BW pigs (Fig. 3A, C) . Glucose AUC at 3 months was not correlated to BW (Fig. 4A) or any other morphometric parameters (Table 3) . Glucose AUC at 3 months was positively associated with fractional GR (0-1 month). The ratio of the insulin AUC:glucose AUC and glucose t 1 / 2 were positively related to thinness (BMI) at birth (Table 3) .
At 12 months of age, there was an interaction between the time and group (low or high BW) in glucose concentrations during the GTT, indicating a slower clearance of plasma glucose in the low BW group (Fig. 2B) . The ∆ peak glucose concentrations achieved in low BW (17.35±0.50 mmol/l) and high BW (17.88±0.91 mmol/l) pigs were not different (Fig. 2B) . Glucose AUC and glucose t 1 / 2 in low BW pigs were greater than those in high BW pigs at 12 months (Fig. 3A, C) . Glucose AUC at 12 months was negatively related to BW (Fig. 4B ) and thinness at birth, and positively correlated to disproportionate shape at birth (Table 3 ). Glucose t 1 / 2 at 12 months of age was inversely associated with BW and positively associated with disproportionate shape at birth and fractional GR (birth to 1 month; Table 3 ). For both glucose AUC and glucose t 1 / 2 , there were effects of group and age and interactions between group and age, such that each parameter increased between 3 and 12 months of age, and, at 12 months, each was greater in low BW than high BW pigs (Fig. 3A,C) . At 3 and 12 months of age, the effect of BW on postnatal glucose tolerance was similar in male and female pigs.
Glucose tolerance tests: insulin concentrations. At 3 months of age, plasma insulin concentrations during the GTT overall were reduced in low BW pigs, however the increase in insulin concentrations with time was not different between low and high BW pigs (Fig. 2C ). There were no differences in the ratio of insulin AUC to glucose AUC at 3 months between low BW (6.06±0.67) and high BW pigs (7.68±0.76) or in the insulin AUC (Fig. 3B) . The insulin AUC to glucose AUC ratio was positively associated with thinness at birth (Table 3) . At 12 months of age, there was no effect of group on insulin concentrations during the GTT, however an interaction between time and group was found (Fig. 2D) . Insulin AUC in 12 month-old low BW pigs was greater than that in high BW pigs (Fig. 3B ). There was a negative association between insulin AUC at 12 months and GR (birth to 3 months; Table 4 ). There were no differences in the ratio of insulin AUC to glucose AUC at 12 months between low BW (5.25±0.32) and high BW (5.59±0.74) pigs.
Insulin AUC (low and high BW groups) increased from 3 to 12 months of age and there was an interaction between age and group (Fig. 3B ). There were no effects of age or group on the insulin AUC to glucose AUC ratio.
Hepatic gluconeogenic enzymes. At 3 months of age, there were no differences in hepatic G6Pase activity (low BW: 79±6 units/g protein; high BW: 90±5 units/g protein) or PEPCK activity (low BW: 99±4 units/g protein; high BW: 89±9 units/g protein) between low and high BW pigs (Table 4) .
At 12 months of age, there were also no differences in hepatic G6Pase activity (low BW: 83±6 units/g protein, high BW: 88±4 units/g protein) or PEPCK activity (low BW: 94±4 units/g protein; high BW: 97±3 units/g protein). G6Pase activity was positively associated with GRs (birth to 1 month, birth to 3 months, birth to 12 months) and fractional GR (birth to 1 month) and negatively associated with fractional GR (3 to 12 months; Table 4 ). PEPCK activity at 12 months of age was negatively correlated with disproportionate body shape at birth (Table 4) .
Hepatic protein content was not different in low and high BW at 3 months (low BW: 145±4 mg protein/g tissue; high BW: 150±5 mg protein/g tissue) or at 12 months (low BW: 150±4 mg protein/g tissue; high BW: 162±3 mg protein/g tissue). There were no effects of age or group on hepatic G6Pase activity, PEPCK activity or protein content (2 way ANOVA).
Discussion
This study has shown that low BW in pigs, within the natural range of BWs, is associated with poor glucose tolerance in adult life. Glucose intolerance in adult pigs was also associated with low BMI and disproportionate body shape at birth. These findings are consistent with the human epidemiological observations that showed an increased risk of glucose intolerance, insulin resistance and Type II diabetes in adults who were small and thin at birth, but within the normal BW range [1, 2] . Adult glucose tolerance therefore varies continuously across the entire range of normal BWs in both humans and pigs. Poor glucose tolerance, measured as an increase in the area under the glucose curve after glucose administration and a longer glucose half-life, was observed in low BW pigs at 12 months, but not at 3 months of age. Age-dependent changes in glucose tolerance have also been observed in other species in which low BW has been induced experimentally [6] . The offspring of rat dams fed on a low-protein diet during pregnancy show improved glucose tolerance in early adult life [11, 12] but impaired glucose tolerance by old age [11] . Similarly, in a study of twin lambs of discordant birth weight, glucose tolerance was greater in low BW rather than high BW lambs during rapid growth in juvenile life, but was not different once body weight gain had stabilised at 12 months of age [13] . In our study, glucose AUC at 3 months was not related to BW or body shape at birth and there was no evidence of improved glucose tolerance in juvenile pigs of low BW. Preliminary observations in guinea pigs naturally growth-retarded in utero indicate that, in common with our study, glucose tolerance is impaired in old, but not young, adults. In humans however, poor glucose tolerance has been linked to low BW and thinness at birth in children and young adults [14, 15, 16] as well as in older age groups [2] . Despite the range of different experimental approaches, a common feature of all these studies is an association between abnormal glucose tolerance and low BW, particularly when coupled with disproportionate shape at birth.
At 12 months, the body weight of low BW pigs was no longer different from their high BW littermates, due to the increased fractional growth rate very early in postnatal life during suckling, and then again between 3 and 12 months of age. This 'catch up' growth in the first month of life was also directly associated with impaired glucose tolerance at 12 months of age. Poor glucose tolerance in children that were of low BW [14, 15] has also been associated with rapid postnatal weight gain in childhood [17] . Rapid postnatal catch up growth of low BW pigs, as a result of good postnatal nutrition, might therefore be as important as impaired intrauterine growth in determining adult glucose tolerance. In humans, low BW and rapid catch up growth is often linked to obesity [18] , which, in turn, is a risk factor for adult glucose intolerance. Back fat depth at 12 months of age was greater in the low rather than high BW pigs [19] but was not related to any of the indices of glucose tolerance or insulin secretion shown here.
The mechanisms whereby impaired intrauterine growth programmes the subsequent development of glucose intolerance remain unclear. Both deficiency in insulin secretion and resistance to its action are thought to be involved in the aetiology of poor glucose tolerance and Type II diabetes (see [20] ). Naturally occurring low BW in pigs was associated with reduced basal insulin concentrations at 12 months of age, however a greater insulin response to glucose administration in low BW pigs suggests that their glucose intolerance in adulthood is not due to reduced insulin secretion. In humans, the effects of low BW on adult glucose tolerance are thought to be associated more with insulin resistance rather than insulin deficiency. Fasting hyperglycaemia and increases in the ratios of fasting plasma insulin to glucose concentrations, or insulin AUC to glucose AUC after a glucose load, have all been used as indices of insulin resistance. In our study, however, there was no evidence of insulin resistance using these indices, because low BW and glucose intolerance at 12 months were associated with low basal glucose concentrations and a reduced basal insulin to glucose ratio. However, low BMI at birth was associated with a reduced insulin AUC to glucose AUC ratio at 3 months of age, suggesting increased insulin sensitivity, although there were no indications of altered glucose handling during the GTT at this younger age.
The effect of low BW on adult glucose intolerance could also be associated with abnormalities in glucose production. In adult offspring from protein-deprived pregnant rats, the inhibitory action of insulin on hepatic glucose output is lost [21] and hepatic activities of the key gluconeogenic enzymes, G6Pase and PEPCK, are increased [22] . Impaired glucose tolerance in low BW pigs at 12 months of age might therefore be due, in part, to insulin insensitivity of the hepatic glucogenic pathways and continued glucogenesis during the glucose challenge. However, changes in gluconeogenic enzymes activities are not likely to contribute to this glucose intolerance as hepatic activities of G6Pase and PEPCK were not affected by BW in adult pigs. Indeed, the low basal glucose concentrations in the low BW pigs at 12 months of age suggests that glucogenesis is impaired rather than enhanced in these animals, at least during fasting conditions. Although BW seemed to have little effect on gluconeogenic enzyme activities in adult porcine liver, G6Pase and PEPCK activities were low in 12 month old pigs that were of disproportionate shape at birth and that showed poor early postnatal growth with rapid catch up growth thereafter. In rats, postnatal weight gain has also been shown to influence the increment in hepatic gluconeogenic enzyme activities induced by prenatal protein deprivation [23] . These observations suggest that it is the combination of intrauterine and postnatal growth patterns, possibly in association with the specific prenatal nutrient deficit, that affects hepatic gluconeogenic enzyme activities and glucose production in later life.
In conclusion, this study has shown that glucose tolerance is impaired in pigs that were small and thin at birth. This effect was observed within the natural range of BWs in pigs and was also associated with postnatal catch up growth. Low BW was not associated with a deficiency in insulin secretion in response to glucose administration. Gluconeogenic enzyme activities in adult porcine liver were also related to disproportionate body shape at birth and to the postnatal pattern of growth, but were not likely to have contributed to the associations observed between BW and adult glucose tolerance in this study. The pig is therefore a useful model for the investigation of the intrauterine origins of abnormalities in adult glucose metabolism.
